Paris, France SUMMARY Purpose: Glaucoma is an optic neuropathy in which optic nerve changes are important in diagnosis and progression, because the visual field may remain normal even while the optic nerve is undergoing significant damage. Accurate methods to objectively document the appearance of the optic nerve are necessary. In order for an optic disc imaging system to be clinically useful for detecting change, its reprodu cibility must be established.
optic nerve analyser based on a technique of computed raster-stereography. l , 2 Recently auto mated instruments have been developed to quantita tively assess optic nerve head topography using stereoghotogrammetry?, 4 or laser tomographic scan ning. 5 -Different studies have documented that morphological changes in the optic nerve and nerve fibre layer precede glaucomatous visual field 10SS. 8-1O In order for an optic disc imaging system to be clinically useful in detecting change, its reproduci bility must be established.
MATERIALS AND METHODS
The Glaucoma-Scope consists of an optical head mounted on a slit lamp assembly. The optical head includes the raster pattern projection system and a video camera to capture images. Data are saved immediately on a hard disc and later archived to an optical laser disc where they can be easily accessed. The minimum necessary pupillary diameter following pharmacological mydriasis in the study was 4.0 mm.
A single operator obtained three images from each eye. The operator can control image focus, line focus and illumination independently. When optimal align ment and focus were achieved the image was captured by pressing a button near the joystick. The computer selected a single image for processing based on the quality of focus and line contrast.
Approximately 25 parallel horizontal dark and light pairs are projected at an angle of 9° to the optic nerve head (ONH) using near-infrared light (750 nm). As the lines pass over the surface of the ONH they are deflected proportional to the depth of the surface. A video image records these deflections and computer algorithms translate them into depth numbers computed from 9100 real data points. The reference surface for the depth measurements is defined by linear interpolation of data falling in two vertical 50 /-Lm columns placed 350 /-Lm nasal and temporal to the disc margin. 
CHANGE FROM 30.03.94 Frame 9 TO 30.03.94 Frame 1 For the patient's first examination, the operator selected a reference point for future image registra tion, and outlined the disc margin (8 points) and major vessels to provide landmarks on the printout. The disc border was defined as the inner margin of Elschning's ring. The margin and vessel drawings do not affect data calculation P Computer algorithms perform a best fit analysis on data in an area sub tending 4° surrounding the reference point to register the current and baseline images.
At subsequent examinations, the operator selected a point location on the current image that was near the previously selected reference point to orient the computer, the margin was not redrawn and the computer program then performed a best fit analysis to register the current and baseline images. Both translation and rotation corrections were made. An overlay of the disc margin and vessel information was automatically superimposed on the new image. Results are presented in a grey scale (Fig. 1) .
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All unit. are in microns assuming eMmetropia Numerical values were represented on the printout with each cell representing the average of an area 69 X 138 fLm in size. On subsequent visits, depth measurements are automatically compared with measurements made at the initial visit, and a map generated showing any change in depth values (of <50 fLm: threshold of the test). Version 3.10 of the Glaucoma-Scope also presents a three-dimensional image (Fig. 2) with the calcula tion of different ratios and measurements: vertical cupldisc (c/d) ratio, horizontal cld ratio, cld area ratio, cup area (in mm 2 ). The optic cup area is defined as the area inside the disc margin 120 mm below the reference level. The mean position of the disc (MP disc) is also calculated corresponding to the average of all depth measurements within the disc. The mean position of the total region (MP total) is the average of all depth measurements on the topography map. Results from two visits are also compared in the report with the difference in depth reported in both numerical and grey scale. In the present study version 3.10 was used and correction made by the computer for refraction to calculate optic disc size.
This study was performed to evaluate the repro ducibility of measurements performed in routine examinations of consecutive suspects or glaucoma patients. We measured the reproducibility of dupli cate measurements in 59 eyes of 31 consecutive patients who were divided into glaucoma suspects and patients with chronic glaucoma. For three eyes the examination was not possible for the following reasons: miosis (1 case), large cup (1 case) and opacification of posterior capsule (1 case). In group 1 (glaucoma suspects) there were 15 patients (7 women and 8 men) with a mean age of 55 years (range 24-74 years, SD 19 years). In group 2 (chronic glaucoma) there were 16 patients (7 women and 9 men) with a mean age of 56 years (range 38-80 years, SD 13 years). The mean refraction was +0.5 dioptre in group 1 (range -6 to +2.75) and +0.9 dioptre in group 2 (range -2.25 to +2.25). The age and mean refraction were not statistically different between the two groups (p>0.90).
Chronic glaucoma was defined as intraocular pressure (lOP) more than 22 mmHg with visual field defects (a cluster of three or more non-edge points in a location typical for glaucoma at two consecutive Humphrey 24-2 fields). Suspects had abnormal cupping of the optic disc or an lOP of more than 22 mmHg but without visual field defects (Humphrey 24-2). In group 1 (glaucoma suspects) there were 2 eyes with mild cataract, 9 eyes with ocular hypertension (lOP more than 21 mmHg with normal optic disc and visual field) and 3 eyes with large cups (c/d ratio greater than 0.6 with a normal visual field and lOP). Two eyes had a peripheral iridotomy with a borderline lOP and one patient was suspected of having juvenile glaucoma (borderline lOP, normal visual field and familial history of glaucoma). In group 2 (chronic glaucoma) there were 4 pseudophakic eyes. Four eyes had had a trabeculectomy and 4 had had a trabeculoplasty. Five eyes were treated with two drugs including adrenergic drugs, 5 with miotics and 17 with a beta-blocker. Despite dilatation with tropicamide and phenyl ephrine, analysis was not possible in 2 eyes: in 1 because of miosis and in 1 because of pseudophakia (despite Y AG laser capsulotomy an analysis was not possible).
To determine measurement variability two visits were simulated for each subject in the following manner. Three consecutive images were acquired on the Glaucoma-Scope for each eye. These measure ments were assigned to visit 1. Only minor adjust ments for alignment were made between images. after a break of >1 minute, three more consecutive images were acquired by the same operator and assigned to visit 2. Between visits 1 and 2, the Glaucoma-Scope focus, alignment and illumination were reset to random positions. The computer selected the best image of each visit based on the best focus of the projected horizontal lines over the optic nerve head, for processing and match testing. The reproducibility of the measurements was eval uated by computing the mean, range, average, SD and coefficient of variation (CV; SD divided by the mean). The CV is one statistical method of adjusting the variability estimate (SD) for the underlying size of the variable being measured. It is assumed that the CV permits comparison of variations in samples independently of their means, but in some cases this is not true and the CV may not serve its purpose. 12 However, we used this parameter because it is straightforward and enables comparison of our results with those of other investigators. As the disc area did not change in the results between the two visits, this parameter was not evaluated in the study. As values were normally distributed we used a Student's t-test for the statistical analysis.
RESULTS
Values of the median, mean, range, SD and CV are given in the Table 1 . The CVs in duplicate measure ments for glaucoma suspects and patients with glaucoma were respectively: vertical cupldisc ratio (c/d), 6.3% and 3.47%; horizontal cld ratio, 4.61 % and 2.97%; cld area, 3.29% and 1.35%; cup area, 1.82% and 1.72%; MP disc, 13.3% and 10.42%; and MP total region, 10.1% and 13.2%. We found a statistically significant difference between the two groups for every parameter tested. This was more significant for the cld vertical, cld area, cup area, MP 
DISCUSSION
Clinical examination of the optic disc is SUbjective and interpretations are often inconsistent, even among expert observers p -15 Methods of optic disc analysis include disc photography, planimetry, stereophotogrammetry, Humphrey disc analyser, Rodenstock analyser, Heidelberg Retina Tomograph and Glaucoma-Scope.
Planimetry is a method of examining the ONH that provides only one-dimensional and area meas urements. The CV reported by Jonas 16 was 3% when the area of the optic disc was defined 10 times in each of 10 photographs of 10 normal discs. The CV increased to 11 % for small discs. Reproducibility values for rim area have not been reported with this method. Studies have been performed to examine the reproducibility of repeated evaluation of one photograph or comparison of planimetry with auto mated devices, 17 , 18 but these do not take into account the variability of different photographs of the same disc.
Stereophotogrammetry is a method in which stereophotographs are used to measure objects in three-dimensional space. Stereophotographs of the optic disc are taken from two camera positions with parallel optic axes. Rosenthal et al. 19 calculated the CV of photogrammetric measurements of optic disc cupping in three eyes of 3 subjects (diagnoses were not given) and found values of 3.1 % for cup depth, 6.1 % for cup area, and 7.8% for cup volume. Takamoto and Schwart � O in 10 normal eyes found a CV of 4.6% for the cup depth/disc area, 5.2% for cup area/disc area and 7.7% for cup volume/disc area. The CV% for optic cup volume varies between 4.5% and 8.3% depending on the group of patients. Our CVs for the c/d area (3.03% and 3.65%) and cup area (1.31 % and 4.58%) are equivalent to or less than that observed with photogrammetry. Optic disc cup measurements by stereophotogrammetry and the Glaucoma-Scope have been compared pre viously, 21 showing similar measurements of the cup area: 0.272 ::::': 0.071 with the Glaucoma-Scope and 0.287 ::::': 0.063 with photogrammetry.
The Humphrey disc analyser uses a standard fundus camera and digitisation of simultaneous stereo images. An operator is also required to mark the disc edge at eight or more locations. It then develops an oval or egg-shaped approximation of the disc margin. The operator-marked disc edge is processed to obtain the final disc edge, which is considered the 'reference zero'. The depth or elevation at 400-600 approximately equally spaced points on and around the optic head are then computed. The reproducibility of the Humphrey disc analyser for normal eyes is 0.066 mm 2 for the rim and 0.030 mm 2 for the disc area ? 2 The CV in this study for the rim area was 3.33% for normal eyes and 1.69% for glaucomatous eyes.
The Rodenstock analyser is also based on compu terised analysis of stereoscopic images. The machine determines the cup margin with points that are 150 !-Lm posterior to the disc margin determined by the operator. The digital input comes directly from a stereoscopic video camera, and is obtained while projecting two sets of seven evenly spaced lines on the ONH. Depth values are calculated at 140 points along each of the 14 vertical stripes and a surface interpolated between the stripes. The mean CV for multiple examinations in controls has been reported to vary from 5.8% to 9.2% for the c!d ratio, 5.6% to 17% for neuroretinal rim area and from 7.1 % to 24.2% for cup' volume y , 17 , 23 , 24 The Heidelbeg Retina Tomograph (HRT) ana lyses the ONH with an image series obtained from 32 transverse optical section images taken at consecutive height planes over a scan depth of 0.5 to 4 mm and with a scan angle of 10° to 20° in 5° steps. Each image series is analysed to create a topographic map containing 256 X 256 picture elements (65 536 pixels) with a field of view of 10°.
The margin of the ONH also has to be defined by the operator. The standard deviation for triple measurements of the rim area in control eyes reported by Rohrscheider et al ? 5 is 0.040 mm 2 with this machine. The mean CV was 4.3% and 3.6% respectively for the neuroretinal rim and cup volume in this study. In our study the CV for the cup area varied from 1.31 % to 4.58%. However, the principle of laser scanning tomography is different and based on three-dimensional measurements.
Reproducibility of measurements with the Glau coma-Scope has also previously been studied with the calculation of variability of depth measurements In a clinical setting inter-observer variability could also play a role, but this factor was not evaluated. However, in this study alignment and illumination were reset to random positions between the two visits, but the same operator using the machine for several months obtained all images. With other machines a learning curve has been suggested by the finding that more experienced operators achieve a higher level of reproducibility as compared with less-experienced operators, z3 For reproducibility studies when a short time was chosen between measurements the operator would be aware of what a good disc picture should look like and this would influence the quality of the pictures recorded thereafter. The present version of the Glaucoma Scope helps the operator to obtain good images and the best image is selected by the computer. Hamzavi et al?l evaluated the inter-and intra-observer variation of the ONH using the Glaucoma-Scope and demonstrated a good repeatability between observers, but this study was done in a cadaver eye model. The authors also found a greater intra observer variation at the bottom of the disc (SD = 40.84 /-lm) than along the cup wall (SD = 25 /-lm) and over the neural rim (SD = 25 /-lm).
In an attempt to simulate routine clinical condi tions we only compared two measurements. As this study evaluated the reproducibility of consecutive measurements in glaucoma suspects or glaucomatous patients, we did not reject borderline quality images. It was therefore not possible to select and store the best series of the examination and to later select randomly. As the highest test-retest variability of topographic measurements has previously been found along the cup border and blood vessels 4 , 27 -29 31 32 h . , , we c ose only glaucoma suspects or patIents with glaucoma. Despite these limitations, reproduci bility measurements were judged to be quite acceptable.
A cut-off value of 50 /-lm (chosen by the manufacturers) to detect significant change seems reasonable. However, other factors could influence the calculation of ratios of disc parameters such as the retinal vessel diameter during pulsatile blood flow. Despite these potential errors the Glaucoma Scope seems to give acceptable results and the reproducibility of our measurements was in the range of other published reports. Nevertheless the Glaucoma-Scope gives only two-dimensional para meters and it is necessary to dilate the pupil for image acquisition.
Despite adequate dilatation of the pupil pseudo phakic eyes were difficult to analyse because the angle of the beam was too large to avoid capsular opacities. In miosis it is also not possible to perform analysis, reflecting a limitation of this instrument. We did not have patients in our study with high refractive error or aphakia whose eyes could also have been difficult or impossible to analyse.
Assuming that accuracy will be established for this instrument, it is uncertain whether traditional mea sures, such as c/d ratio and c/d area, will be the optimum measures for the detection and follow-up of glaucoma. However, other parameters such as the mean position of the disc could also be used to estimate the degree of glaucoma damage.
CONCLUSION
These results suggest that the 3.10 Glaucoma-Scope allows reproducible measurements of optic disc morphology and could be a tool in the follow-up and management of glaucoma or subjects suspected of having glaucoma. Further studies are needed to evaluate the reproducibility of measurements of nerve fibre analysis and the accuracy and ability of the Glaucoma-Scope to detect progression of glau comatous cupping over time.
